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PREFACE

This technical report was prepared by the Thermophysical and
Electronic Properties Information Analysis Center (TEPIAC), a
Department of Defense Information Analysis Center. This Center is
operated by the Center for Information and Numerical Data Analysis aad
Synthesis (CINDAS), Purdue University, West Lafayette, Indiana, under
Contract No. DLAS00O~79-C-1007 w.th the Defense Logistics Agency
(DLA), Alexandria, Virginia, with Mr. J. L. Blue(Hgq. DLA) being the
IAC Program Manager, and under the technical direction of the Army
Materials and Mechanics Research Center (AMMRC), Watertown,
Massachusetts, with Mr. Samuel Valencia being the Contracting
Officer's Technical Representative.

This is a state—of-the-art report on the thermcphysical and
electrical properties of metal matrix compesites, aiming at presenting
all the availabie data and information on all the properties covered
by TEPIAC. However, data and information have been found only for
five properties and eight groups of metal matrix composites. The
available data and information are presented in this report in a
comprehensive and detailed form making it possible for all interested
users of the data to have access to the original data without having
to duplicate the laborious and costly process of comprehensive search
of the literature and meticulous extraction of the data and
information.

The data contained in this report have heen obtained from a total
of 41 technical reports and papers, 225 of them conming from foreign
sources. It is suspected that a significant number of more recent
reports generated under DOD sponsorship have not been reported to the
DDC and therefore are not readily available. A special effort will be
made in the fuiture to uncover such reports if they exist.

It is hoped that this worl wiil prove useful to engineers and
scientists working on various engineering research and development
programs. As metal matrix composites are candidates for structural
materials for aircrafts and spscecrafts, this report should constitute
a valuable source of duta and information for aerospace industry as
well as defense applicat.ions.

It is our plian to update and upgrade this report jeriodically
through the critical evaluation of the raw data reported herein and
from any additional sources that may come to our attention.

Y. S. TOULOUKIAN
Director of CINDAS

Distinguished Atkins Professor
les: Lafayette, Indiana of Engineering

December 1979 Purdue University
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INTRODUCTION

The purpose of this report is to present the avaiiable
experimental data and information on the thermophysical and
electrical properties of metal matrix composites. These data
have been found as a result of an exhaustive search of <the DDC,
NTIS, and TEPIAC's own data banks. The resulting data are from
research documents published over the period 1857 to 1879.
Although the literature search was aimed at seeking data for ail
the thermophysical and electronic prepariies of metal matrix
composites, there are only five properties for which data have

been found. These are the thermal Iinear expansion, thermal

conductivity, specifiec heat, thermal emittance, and electrical
resistivity. Furthermore, most of the data are ror the thermal
'inear «expansion. There are eight groups of metai matrix

composites for which data have been found: these are the various
composites of aluminum and aluminum alloy matrices, copper
mut~ix, lead matrix, magnesium matrix, nickel] and nickel alloy

matrices, Gtitanium and titanium alloy matrices, tungsten matriwx,

[N

and zinc matrix. Most of tha data are for aluminum and aluminum
alloy matrix composites. No attempt has been iade to evaluate

the compiled data at this time.

The organization of this report is as follows. Each chapter

is fer the thermophysical and electrizal properties of a distinct

0

(i3]
i
[»]

up of metal matrix composites and the chapters are arranged in
the alprabetical order of :the various metal matrices. Within a

charter each section is for a particular kind of fiker, fiilarent,

e
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wire, or whisker. Within & given section the data for each
property are presented in both tabular and graphiical forms and
the order of the properties is arranged such that the rroperty
with the more abundant data comes first. FEefore presenting the
numerical data, a short discussion of the data together with
references is given, which is followed by a d4ata table and cne or

more figures. Thus each section constitutes a self-contained

vnit. In the data table each data set is accompanied by a

statement pertaining to the zample identification, specificaticn,

snd rerarks. In the figure all data for a given property are
shown except where the data points are too close together; in
such case some of the data pointz may be omilted from the figure
for the sake of clarity and thuse omitted data points are
indicated in the data table by asterisks. In addition, when
"here is only 2 single data point available for a property of a

ciadea
mece .

The technical terms, symbols, and units used in this report

are defined below:

cy Specific heat, in J kg~ 1iK-!
AL/L, Thermal linear spansion, in %
AL, change in length of a material
compared Lo = reference lzngth
Lo reference length of a material

alt 293 K
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T ?emperature. in K

€ Thermal emittance, dimensionless

)N Thermal conductivity. in W m~iK-?
p Electrical! resistivity, in 10°%Q m

Data on the thermal linear expansion are given as percent
elongation, aL/L,(%). In order to compare all the availuble data
from the literature on the 3ame hasis, the thermal expansion has
heen arbitrarily set Lo zero at 293 K, which 1is the reference
temparature. In cases where the reference teﬁperatures usad by
the authors are different from 293 £, the data are corrected such
that the AL/L,(%) value at 293 K is zero. This correction factor
iised is called zero point correction and is given in the

"Specifications and Remarks”™ column of the data table.

An Indeyx to Materials and Proparties at the end of this
repori. will assist in the rapid locacion of information on

materials and properties for which data are reported.
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CHAPTER 1 : i
ALUNMINUM AND ALUMINUM ALLOY MATRIX COMPOSITES ez

1.1. BORON FIBER, ALUMINUM MATRIX CONPOSITE

THERNAL LINEAR EXPANSION ]
i There are 14 data sets available for the thermal expansion f;%
of boron fiber aluminum matrix composites [1,2]. Wolff and Hill ;:?

[{1] reported the data for composites with 10, 30, and 60 volume

i percent continuous aligned and discontinuous random boron fibers. 'ggiz
N Salibekov et al. [2] reported data for both heating and cooling ??é
cycles for composites with 10 and 30 volume percent boron fibers %hg

in the directions parallel and perpendicular to the fiber axis.
i Salibekov et al. [2] observed a permanent contraction of about

0.1% after a heating and cooling cycle and the thermal expansion

; perpendicular to the fiber axis being about four times higher lgg
é than that along the fiber axis at 730 K. ??E
THERNAL CONDUCTIVITY S

There are two references [1,2] in which the thermal 52

] conductivity of boron fiber aluminum .matrix composite are ;??
i reported. Ref. [1] reported values for a composite of low fiber ?ﬁé
ﬁ content as a function of temperature (~ 326 - 388 K). Ref. [3] o E;%
reported the change of thermal conductivity- - value with fiber ;;,

volume content, and with heat Tlow direction (paraliel and

perpendicular to the fiber direction).
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ELECTRICAL RESISTIVITY

Only two sets of measurements on the electrical resistivity
of an aluminum—bor;n compoasite, containing 60 volume percent
uniaxial boron fibers, have been reported from 78 to 400 K with
the electrical aeurrent parallel]l and perpendicular to the fibers
from [4]. Both transverse and longitudinal resistivities
approach a linear behﬁvior at higher temperatures. However, at
low temperature there is a noticeable difference with the

longitudinal resistivity exhibiting a normal metallic behavior.
REFERENCES

Wolff, E.G. and Hill, R.J., U.S. Air Force Rept. AFML-TR-67-

[
.

140, 183 pp., 1967. [AD-816 439]
2. Salibekov, 8.E., Portnoi, K.I., and Chubarov, V.M., High
Temp., 10(4), 702-6, 1972.
3. Chamis, C., NASA Rept. TN D-6696, 27 pp., 1972. [N72-18582]
4. Abukay, D.., Rao, K.V., Arajs, 5., and Yao, Y.D., Fibre Sci.

Technol., 10(4), 313-8, 1977.
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1.2. GRAPHITE FIBER, ALUNINUN NATRIX CONPOSITE S
THERNAL LINEAR EXPANSION ]
Salibekov et al. [1] reported thermal expansion data for
composites containing 45 volume percent graphite fibers. Thermal
3 expansion of this composites increased upon heating to 150°C, 3
% decreased upon further heating to 500°C, and the specimen ;
; contracted to a constant valua of about 0.08% after cooling to ;
? room temperature. The specimen upon a second cooling cycle SN
i showed a similar but less pronounced trend. This unusual nature fﬁxg,
E of the thermal expansion was expiained as due to the relaxation ;{2;
5 of residual stresses in the material which were generated on ifﬁ?
E cooling the material from the sintering temperature (1000°C). ;?QS
% These stresses compress the fibers and extend the matrix.
5
. REFERENCE
1. Salibekov, S.E., Portnoi, K.I., and Chubarov, N.M., High
! Tewp., 10(4), 702-6, 1972.
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1.3. Khi8N10T FIBER, AD1 ALUMINUM MATRIX COMPOSITE

THERMAL LINEAR EXPANSION

Karpinos et al. [1] reported thermal expansion data for ADi
aluminum ( >99.3%A1,0.35% Si, 0.05% Cu, and 0.03% Fe ) reinforced
with 12 and 20 volume percent Khi8N10T ( Russian equivalent of
A AISI 321 stainless steel ) fibers. Introduction of fibers into
the matrix and increasing its concentration caused the
coefficient of thermaf expansion t¢ decrease monotonically.
Karpinos et al. [1] stated that the angle between the fiber

- direction in a specimen and the specimen’'s longitudinal axis

strongly affects the coefficient of thermal expansion.
THERMAL CONDUCTIVITY

The thermal condqctivity of Khi8N10T fiber aluminum matrix
composite has been investigated by_Karpinos et.al. tZ]. The
fiber content of the specimen; varies from 7.5. to 53 volume
percent. The thermal conductivity values over a wide temperatire
range (~330 - 800 K) for heat flo§ at 0°, éO°. 60°, and 90° with

respect to the fiber direction are reported. For the sake of
(90°) direcﬁions were illustrated in the figure. In general,

values for heat flow at 0 deg. and 90 deg..
REFERENCES

1. .Karpinos. D.N., Kadyrov, V.Kh., Klimenko, V.S., Fefer,

V.Ya., and Miroshnikova, T.K., Sov. Powder Met. Metal.
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clarity, only values for the parallel -(0°) and the perpendicular

@f values for intermadiate heat flow directions fall between the ’
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Ceran., (4), 301-3, 1974.

2. Karpinos, D.M., Klimenko, V.S., and Kadyrov, V.H., High

Temp. High Pressures, 5(1), 123-7, 1973,
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1.4. QUARTZ FIBER, ALUMINUM MATRIX CONPOSITE
THERNAL LINEAR EXPANSION

Salibekov et al, [1] reported a value of 0.55 x 10-¢ K-!

for the instantaneous coefficient of thermal expansion at room

temperature for a composite containing 70 volume ¥ aluminum

matrix.
REFERENCE

1. Salibekov, S.E., Portnoi, K.I., and Chubarov, V.N., High

Temp., 10(4), 702-6, 1972.
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1.8. UBA STEEL FIBER, AD1 ALUNINUN MATRIX COMPOSITE
THERMAL LINEAR EXPANSION

Karpinos et al. [1] reported thermal expansion data for AD1
aluminum reinforced with 9 and 20 volume percent U?A steel (%:
Russian equivalent of AISI W 1 steel) fibers.. Introduction of
fibers into the matrix and increasing its concentration causes
the coefficient of thermal expansion to decrease monotonically.
Karpinos et al. [1] stated that the angle between the fiber
direction in a specimen and the specimen’s longitudinal axis

strongly affects the coefficient of thermal expansion.
REFERENCE

1. Karpinos, D.N., Kadyrov, V.Kh., Klimenko, V.S., Fefer,
V.Ya., and Niroshnikova, T.K., Sov. Powder Net. Metal.

Ceranm. (4), 301-3, 1974.




w... M * '
..... S .H_n
be i
",

r, .

A 652 °0 26b ’
: 641°0 LEY b
‘., S0T°0 c8e

L ov0°0 vee >
m. pLET ‘1 3@ *SJI9qTy (°e3S vV8hn X £L00° 0~ 482 [t] R
I ‘W g ‘soutrdaey sunioa 02 3da0oxs aAoqe 9yjy o3 JeIUIS 880 0~ =YovA 2 " 1
w. *aUDTIOTJJO0D SnosdaUTIURISUT JO sSaIniea e
o peojgaodaa L(ieotydeald Furgeadajur P
" £q p33e[no(ed sanjeA !,;_uluw

' D .2 ®3eaq 3uijesy !aasydsouze uoldJde

h ur Jazswo2Rr|rp 9dAq paeusasyo uo ; ,
m paanseaw uvorsuedxds [ewsdyy !SUOTJOIS "
W ssoJdo uawioads jo sydeafoastuw uo

! PoUTWIS]ED SJISQIJ JO UOTJORI] SIUWNINA _
N +UOTIBIUITIO JIIQTJ JO UOTJOSITIP 2Yj €s1°1 1474 ;
5 03 {(39(jesed pIJUSTJIO sSjyue[q PITJTISUSP 810°7 eeL 4
m vlodJ INd> susmioads drjewsida reg8' o S89 )
“ Buol ww Q9 £q saenbs umu-p uUo S6L°0 ov9 }
e paJanseaw sem a9j31sodwod Jo uorsuedss 889°0 189 X
v [ewaayy sa3qTJ (923S Y8N L °10A 2e88°0 B6ES $
, bLBT 6 ‘saode] J9qT1J 3UTOJIOJUTIII PUER [10] 2820 ecy I
d f*3 ‘1l ‘BAOHTIUYSOJIN x1Ja3ew 3urjeuaszie jo pasodwoo syoed 2LT°0 8SLE ‘
y pue ‘-*ex ‘A ‘a9jeyg JO UOIqeOTJISUSY Isnjeadrdwog pajqeaAdd 180°0 vee

x $:8 A foRUDUT Y Jo andruyoayz Lgq pasedaad ssjqrsoduod 9£0 ' 0-~ SL2 . J
w ‘YN A ‘Acadpey | 118qTy [993S V8N YITA DIOIOJUTIIL ve1 ' 0- 82 [t] S
. ‘*“W g ‘soutdaey sqisodwoo a8seq unuilunie (ay £681°0~ 68T 1 ]
M » 9
m. NOISRVJAXI dVANIT TVNIIHL o1/v L ]
v’ .
' [ -J°4] e
" Jedx ‘(s)aoyzny S}iaewWs) pue suoijedtjroadg douag ‘dwal 998 eje(q i
i . "
mw [ ¢O7/1v ‘uolsuedxdy Jesul] (ewday] (Y *J ‘sanjrisdusl] .
“m FLISOdHOD XINLVHW WANIWATY 1AV “¥IEIL TIIALS ven W
B JO NOISNVAXE JVIANIT TVNIIHL JHL NO vivad '8 Jlgvld S
i -

A R et PRRTREATEER . ) LTI ST PGS i WA AU IONEINS B VAR IO A WS TR RIRIT RS WX




Lrernid - TR T T T Y e e, ey
..\.‘f_ x
[ ] ! " *

f . ot
v P .
’ .
fo et 8 L e . .
I ] .

4 ! v

r} B "

*aandIJ UT uUMOYS JONX o

*599J439p Q08 ST SIX®e

m [eutpnitduo] s, usurosds pue usuioads -

N bL46T " 1e 39 ¥ UT UOCTJDOIJTP J34QTJ 9yl usamlsq * 881°0 oov [t] \

: ‘*W " ‘soutrdaey a(3ue ayjg 3dooxs I2A0qe IY3z 03 Jejruig * 210°0 00¢% L )
) *S99432pP (08 ST SIX®E )

. feurpnytduo] s, usuwrdoads pue usuioads .

! bLSY ‘o 1e 99 ® UT UOCTJOBLTIP 43qTJ Syl uasmlaq * €81°0 oov {(t]

| %*

‘N Qg ‘svutdaey 913ue 9Yyg 3daoxs aAdqe 2yl o3 JejTUIs 210°0 00& 9 "
*$99439p QP ST STXE .

jeurpnytduo] s, K usmroads pue uswioads =

bLET ‘C1e 39 ® UT UOTJIOIJITIP JIQTIJ Y3 ussm3zaq PLT O 18104 it

..z.n.mocﬂmuwx o~wca0£uuawox0o>ondo£uoupa~w2wm ﬁﬂo.o oow w

* %*

e

<
*S39139p gE& ST SIXE .
jeurpnjirduo] s,uswroads pue usuroads -
bLBT ‘"1e 39 © UT UOT3OIJLTP JISQTJ 9Y3] uvMjzaq LST°0 oov .
‘R @ ‘sourdaey 913ue Iy3z 3dI0X9 dAo0qe Y3z 03 JejIuWrs 710°0 00 S
*S99J433p QT ST SIXe . .

-
T i

* %

leurpnjtduo] s, usuidads pue uswroads

e T e NeTie e T e e

PLBT ‘°1e 39 B 'UT UOTJOIJLTIP JI3QTJ Y] uaIamgaq  TST°0 00F {371

‘*WN °q *‘soutdaey; 918ue ayz jdooxs saoqe aYyyz 03 JeIIWIS % 660°0 002 e
. .
3 98L°0 88L
m 6L8°0 eeL L.
m 68S°0 S8 Lo
> £08°0 . 8£9 {15 o
w eibv°o0 169 (-3uo2) 2
w ("3u0d) NOISNVIXH JVENIT TVRITHIL . o4\d< ) L
[-seu]
: Jedx ¢ (s)aoyany sSHJIeWws) pUE SUoIjestJroadg ‘doayg sdwaj, 498 ®B3eQ

.
Smee—— :

-

el

(pPonurjuod) HLISOJINOD XIJLVAN WANIWNTY 1AV ‘d¥IJdId TIILS ven w;:m
JO NOISNVIXH dVINITT "TVNEEHL 3HL NO Vlva ‘9 318v. _ cl

> aia

I

2w -

- -—-n..-na.-qu-- .,- ; n .-. A. s s ..K-.l-._.:.\‘a._ .‘ ..., _". ...a-,- <_
e fl Y 1 Tl N .,



- |

X *31IS0ADD XINIUH WANIWAM YOU

*y361d4 T33LS YEN 30 NDISNBJX3 MUSNIT TWNIHL "8 3uneld Ay
N N *3UNLEYISNIL
coot 008 008 0oL 008 0os 0h 006 002 00t o,
. . _ _ _ _ _ T ) , ooo !
4 L oo e
3 g
" L
: - —oh'o RS
; &
) - oo §
: g ]
: - —{os°o M an

" M

: — —oc't

.“ 3 R
; — °o 2 o2t s
: . @ 1 S
; BMAS 138 o

¢ ulea .

.«“ — L Oh°1

3 .

|

m L _ L L ! _ _ ! _ 0t

i

HATAOIMDITYE WS +f LR DIR OO U TR ML NSNS eurtD FPAPERIRNEINS 7 LRI LTINS TR VIR IIP PP RO |

LIS ET LI 34NN N

F 0 W P W 10 3 1T TTTY 9 S N

St
Ty
STy




P e e T TR M D SR B I il A e S T T et N T B e T R e e -t I T D A e e R A e e D P SR B |

40

1.6. GRAPHITE FIBER,ALUNINUN-201 MATRIX COMPOSITE
THERMAL EXPANSION

Armstrong and Ellison [1] reported 12 data sets for the
thermal linear expansion of 24 and 29 volume percent "GY 7G"

graphite fiber in an aluminum-201 matrix. The expansion studies

were carried out by the Properties Research Labcratory (PRL) of
Purdue University and Fiber Materials Inc. (FMI). Measurements
were conducted on composites which' were diffusion-bonded at
pressures from 3000 to 4000 psig. The average longitudinal mean
coefficient of thermal expansion for 29 volume percent fiber
ranged from 5.32x10-¢ °C-! (-157°C to 22°C) from FMI measurements
and 6.41x10-¢ °Cc-! (-187°C éo 22°C) from PRL measurements to
68.10x10-¢ °C-1 (22°C to 121°C) from FMI measurements  and
5.22x10-¢ °C-1 (22°C to 121°C) from.PRL measurements. Highfr
expansion was reported for a composite with 24 volume percent'
fiber, Armstrong and Ellison [1] also reported data for a

specimen that was thermally cycled 20 and 1000 times.

THERMAL CONDUCTIVITY

" There is one reference [1] in which the thermal conductivity

of a graphite fiber (GY 70) aluminum—-201 matrix composite was
reported. The specimens were panels made of aligned, monolayer - i

fibers c¢ocated with aluminum-201. Befofe being consolidated into

.
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;; panels, the coated fibers were aligned and cladded in aluminum-
2024 foils. For some of the panels, the fibers are encapsulated EN
in aluminum-2024 foils. The fiber contents of these composites

varied from 24 to 29 volume percent. Thermal conductivity values

.
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for heat flow both i:x “he perpendicular and the parallel
directions (to the fibers) were reported. Values in the parallel
direction are about two times of those in the perpendicular

direction at liquid nitrogen temperature, and increase to about

2% times at 450 K.

ELECTRICAL RESISTIVITY

Only one reference contains data on the electricai
resistivity of aluminum—201 matrix with 24, 27.75, and 29 volume

percent graphite fiber for temperatures from 116 to 394 K {11].
REFERENCE

1. Armstrong, H.H. and Ellison, A.M., U.S. Air Force Rept.

AFML~TR-78~4007, 213 pp., 1979.
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1.7. BORSIC FIBER, ALUMINUM-1100 MATRIX COMPOSITE
THERMAL LINEAR EXPANSION

Kreider and Patarini [1] reported thermal expansion for
diffusion—-bonded composites containing 24, 28, and S0 volume
percent Borsic.fibers (boron fibers céated with silicon carbide)
in both the longitudinal and transverse directions. Longitudinal
percent thermal expansion decreased from 0.188 for the 24 volume
percent composite to 0.129 for the 50 volume percent composite
near 570 K. Transverse expansion also showed a similar

decreasing trend. The expansion pattern was fairl& uniform.
REFERENCE

1. Kreider, K.G. and Patarini, V.M., Trans. Met. Soc. AIME,

1(12), 8431-5, 1970.
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- 1.8. 'E' GLASS FIBER, ALUMINUM-2014 MATRIX COMPOSITE

THERMAL LINEAR EXPANSION i";j

oy
There are 24 data sets available for the thermal expansion ;k?b

of parallel oriented 'E' glass ( electrically conduncting i
borosilicate glass) fibers in an aluminum-2014 matrix [1-2]. The woe
data are for composites containing 20-40 volume percent glass

fibers during several heating and cooling cycles. Lockwood [1]

¥ and Ailes [2] reported that these composites exibited a permanent o3
% contraction after initial heating and cooling cycles and that iiig%
Tg this contraction becomes less after succeeding cycles. Lockwood ;i?ﬁ

[1] explained this on the basis that glass fibers contract a ;;:;
3 finite amount at high temperature and slippage of fibers within B

the metal as a result of internal straining of the metal due to

different thermal expansion of the fibers and the matrix. Ailes

[2] observed a cumulative contraction of about 0.2 -0.4% after

initial heating.

REFERENCES

i. Lockwood, P.A., Owens-Corning Fiberglas Corp. Rept., 164

pp.. 1960. [AD-274 530]

2. Ailes, H.B., Glass—Metals Res. Lab., Owens-Corning Fiberglas éi??
Corp. Rept., 24pp., 1957. [ AD- 153 297 ] ;ffi

3. Whitehurst, H.B., Michener, J.W., and Lockwood, P.A., Proc. :;;;
6th Sagamcre Army Mater. Res. Conf., 248-76, 1960. [AD-233 igfé
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1.9. BORCN FILANENT, ALUMINUM-2024 MATRIX COMPOSITE

THERMAL LINEAR EXPANSION

Gerdeman et al. [1] reported data for a composite
containing 40 volume percent boron filaments in an Al1-2024
matrix. The specimens in addition to being hot prassed at high
pressure, solution treated and water quenched were aged S50 hours
at B340°F, Measurements on the several specimens yielded fairly

consistent resuits.

REFERENCE

i. Gerdeman, D.A., Wurst, J.C., Cherry, J.A., and Berner, W.E.,
U.S. Air Force Rept. AFML-TR-6853, 94 pp., 1968. [AD-835
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1.10. BORSIC FIBER, ALUMINUM-2024 MATRIX COMPOSITE
THERMAL LINEAR EXPANSION R
Kreider and Patarini [1] reported thermal expansion data for : ﬁ
hot pressed and diffusion bonded composites containing 55 volume ;:mw
percent Borsic fibers. These data included results of ’
measurements for seven composites which were cut from 0 deg. to
90 deg. relative to the fiber axis. Percent thermal expansion .
r-p'-wﬁﬂ
near 570 K increased from 0.116 for a O deg. cut to 0.573 for a
80 deg. cut in a fairly regular manner, ~;
REFERENCE ]
1. Kreider, K.G. and Patarini, V.M., Trans. -Met. Soc. AIME, T
1(12), 3431-5, 1970. T
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1.11. AM 355 STAINLESS STEEL WIRE,
ALUMINUM-2024-T81 MATRIX COMPOSITE
THERMAL LINEAR EXPANSION
Gerdeman et al. [1] reported the thermal expansion for a
composite containing 256 volume percent steel wires. The

measurements were on a specimen which had undergone various heat
treatments such as hot pressing, cold working. and ageing.
During the first heating, the specimen began to contract above
S00°F and about 0.3% permanent and irreversible contraction was

observed. Subsequent tests yielded fairly reproducible results.
REFERENCE

1. Gerdeman, D.A., Wurst, J.C., Cherry, J.A., and Berner, W.E.,

U.S. Air Force ‘Repc. AFNL-TR-6853, 94 pp., 1968. [AD-835
768]
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ﬁ 1.12. BORON FIBER, ALUMINUM-6081 MATRIX COMPOSITE

THERMAL LINEAR EXPANSION

&

& Christian and Campbell [1], Hertz et al. [2], Hofer et al.
g [3]1, Schramm and Kasen [4], Wolff and Eselun [S5], and Cairo and
:S Torczyner [6] reported thermal expansion data for various types
ié of composites containing unidirectional laid-up 47 to S5 volume
g percent boron fibers in an aluminum-6061 alloy matrix. The
; measurements in axial and transverse directions yielded fairly

L.

5 consistent results for the most part.

B THERMAL CONDUCTIVITY

A There are three references [3,7,8] in which the thermal

b conductivity of boron fiber Al-68081 matrix composite is reported:

ref. [3] rfor the temperature range ~70 - 670 K, ref. 71 7 -

!'i. [
e

276 K, and ref. [8] 122 - 408 K. Thé first two references

PITEX

BN

contain data for specimens having fiber contents of ~50%, and for .%1

heat flow in the parallel and the perpendicular (to the fiber)

i)
CRTRY
A AN
A
i ’
. Ll ‘¢
hd 4

i directions. Ref. [8] reported data on boron fiber Al-6061-0

¥ matrix composite. The data included one set for an 8-ply panel,

with 2 parallel outer plys and four perpendicular center—cross
plys. This data set was for heat flow parallel to the outer

plys. Two other data sets, one for heat flow parallel to and: one ié:é

“ .
-t o .

for heat flow perpendicular to the plys, were for 7-ply panels.
These panels were made by diffusion press bqﬁding. with silicon/

aluminum sheet placed between the plys and at the outer surfaces.

il Thaa T by v |
AT e
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SPECIFIC HEAT

Christian and Campbell [1] and Hertz et al. [2] reported
"specific heat data for wunidirectionally laid up 44.1 volume
percent 0.14 mm diameter boron fibers in an aluminum alloy 6061
matrix. Their value of 985 J kg-! K-! at 297 K was compatible
with the value of 970 J kg-! K~! at 300 K reported by Collings

and Smith [9] .
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1.13. BORON FIBER/AN 350 STAINLESS STEEL WIRE,
ALUNINUM-6081 MATRIX COMPOSITE

THERMAL CONDUCTIVITY

There is one reference [1] in which the thermal conductivity

.
F of boron fiber / stainless steel wire aluminum-8081-0 matrix
i compocite is reported. The single specimen consisted of 3-3-3

ply panels, with the outer three plys made from.boron filaments.

ol (9~ )

The three plys at the center were made from AM 350 stainless

steel wires. The alignment of the panels was such that the outer

plys were parallel to each other, and the center three plys were

[} Sk

at right angles to the outer ones. The panels and the final

A

A i

composite were made by diffusion press bonding. The thermal

M

conductivity data reported were for heat flow in the plane of the

! panels and parallel to the direction of the outer plys.
X REFERENCE
F 1. O'Kelly, K.P., NASA Rept. NASA-CR-115221, 79 pp., 1971.

[N72-11432]
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1.14. BORSIC FIBER, ALUMINUN-68081 MATRIX COMPOSITE
THERNAL LINEAR EXPANSION

Christian and Campbell [1] and Hertz et al. [2] reported
data for a composite containing 83 volume percent unidirectional
Borsic fibers in an aluminum-6061 matrix. Thermal expansion
along the fiber axis was fairly low (about 0.204% at 844 K); and
perpendicular to fiber axis it was aboﬁt 0.694% at 644 K. No
attempt was made to resolve the discrepancy in the thermal

expansion values below 293 K reported in these two references.
SPECIFIC HEAT

Hertz et al. [1] reported specific heat values of 408 ¢to
1460 J kg K-~'at temperatures from 88 K to 642 K for a plasma-
sprayed composite containing 47.2 volume percent Borsic

filaments.
REFERENCES

1. Christian, J.L. and Campbell, N.D., Proc. Cryogen. Eng.
Conf., 175-83, 1973.
2. Hertz, J., Christian, M.D., Varlas, M., et al., U.S. Air

Force Rept. AFML~-TR-71, Vol.2,, 394 pp., 1972. [AD-893 715]




2LeT ‘‘"le 3@

t{sued 3s93 9Y3z UT JusWe[IJ OT1SJI0q % 921°0~ 881
‘N ‘selaeps pue Z SuniocA Z-Ly fuorjeaodao) Iprqaed % 8b1°0~ 1eT
‘1 ocp ‘uer3siay) uotun LG parrddns sdejy s3rsodwod ¥971 "0- 00T (2]
tep YZ349H 1909 wnuiwnie/oyssoq palseads euseld eLT ' 0~ oL e
voec- o 144
880°0 osvy
‘UeT3ISITIP a00°0 Lee
SL6T ‘°d °K -‘119adme)n teurpnjirduo] Juole sjzuIiaanses’w LS00~ PPl [t]
pue °7 °‘p ‘uerjsiayp 3d90ox3 aAoqe 8Yyz <3 J=2]IWIS S80 0~ LL e
‘saoyjzne
WOJdJ PIUTEBJQO UOTIJRWIEOJUI [eUOIJIPPE
?Y3 pue JUITOIJIS0O0 uesw 9Yy3g
Jo seniea axeinqes. pajdodea ayz wouay
peje[no(ed sanjea !{a3j3wojzlerp Iqng
zqaenb (uoT303aTp IsadAsSURGE] Buore
sjuIWaIINSEIW {,_WOF g9 2 AJISu’p
fuw ZO*7 SSIUYOTU] Je9ys !(sedeq
podleads euwsejd o Furtpuoq uUOISNIJIP
{dne] [eucIqOaJITPIUN (g SuWNoA
8°'29 IPVYS uwnuiunie (909 L suUNioa
2°LP ‘J939uerp ww 30 21sJdoq xXTJajeuw ¥68°0 | 44°]
wnuiwnie/(j3uldwWe (T uoloq podjzewod 982°0 osy
dPTqIeD UODIITIS B 10 uorjzedaoduo)d 800°0 L6862
€467 ‘°Q N *11°qdwep FJeIDJITY PIJTUf JO UOISTAT(Q paepuely vee o~ 144 [t]
pue °7 °p ‘uer3isiayy uojrwey ayjz Jo jJseuspesy) odrsaog e82 "0~ LL T
NOISNVAXH AVIANIT TVHIEHL °1/1v L
[ -Jo¥]
Jeox ¢ (s)Jgoyjzny syJIewsy pue suo jesiyroadg doagd cduayl, 98 eje(q

[1-M -3 p *%o

‘3esH o1jroadg

g ‘07/1V ‘uUorsuedxymg aesul] lewadyl W ‘L ‘oangzeaddwsl ]

JLISOdWOD XIALVN TO0S-WANIWATY ‘¥ILId DIsyod

JdO SIILYIJoUd "TVOISAHAONJIIHL JHL NO viva ST IJ1avl




LT WY MY

n €00 818 : R
5 ore 0 11:i4 T
N L2 o 44 : RIRPORE
m 812’0 LEY : . /
2 S81°0 6oV . tee e
M 211°0 11-1>3 ; L
2 290°0 €sE SR
m %* 200°0 0o0g . ) A
,v% 221 00— 692 . . BRI
N . vee 0~ §512 -
*(@sJa9asueay) L2V 0~ | 287
UOT3O8ITP L0868 94Yg UT e3Tsodwod 188°0~ oet
2L61 [RUOTFOoRITIPIUN 13 pajuacdea ucrsuedxe 2r9 0~ POT [z2]
‘*te 39 ‘°p ‘zZ3asH rewaaysy 3dedxe 9+ qe ayl o3 Je[Iuwis 849 ° 0~ 8L v
202°0 089
687 °0 cEQ
LST°C 288
ov1°o Sag
8210 LeS.
*oandty - 960°0 oLy
woJsJ pajdoealxs ejep {Aaj9mogzerip L4900 Siv
(1eurpnjtduoc]) UOTIJIONIIP SE0°0 68
o0 UT @37sodwod JeUOTIFOSJIPTIUN 107 810°0 1
pojgodaa uorsuedxs (emaayy (g9 9jed % 200°0 20¢&
Butpuaq JTEBAUOCD fsanoy IsIY3 03 BUO % 020°0~ " e82
wouy Iurduex sawUT]y J03 1sd 00007 pue 180°0- vbe
4,006 3e siaued ojui pajepriocsuod S40° 0~ egle [2]
sa9m- sadey |V 1909/°FsJd0q 00710~ 681 (r3uod) g
("3uod) NOISNVAXE AVANIT "TYWNIIHL °1/v L
[-39¥]
Jea}) ‘(s)<oyiny SYJIBWSY PpuUe suorjzeorjrosdg douad duay 3928 e3jeqd
-
(PoNUTI3UOD) HLISOINOD XIALVA TOOS-WANIWNTIV ‘qIFId 2IsSyod
Jd0 SHILYIJ0dd “TVOiISAHJOWNJIIHL JKL NO Vivad °8T1 JT9vl
©
=
B w WERERTEOPORRN oy SRR VPR T SRV SR Al R SNl PRTY

AR TRTRE A TR



! .
3

"

T

-

LR
L

L

*QANITI UT UMOYS JONXK

. ‘o9v1 2ve
" : "2LET 58S

g *9INITY Wouy pI3oeJdIXS ejzep g9 "pIeT 6es

. o3ed Mﬁwmvﬂm.n JIeAUOd sanoy a9Idaayyg o3 ‘T1S2ST OLY

) 9uo woaj FurBueds sawWTY 4o0J Tsd 00007 *602T (4744

b Pue 4 006 3e sisued ojur pajRPI[OSUOD ‘1211 451>

” sa9m sade3 1909-1vV/°1sJdog “L107 11€e

: {{sued 3s93 3Yj ur juULWe(1y orsdogd ‘168 vs2

* X SUNIOA Z2°' LY "CO..HMMLOQLOD sprgae)d ‘IvL 102

g 2LeT uotun Aq periddns adej sjrsodwod 289 erT [el

_ ‘s1e 3@ ‘P *ZJ4a3Y ﬂ@O@lEﬁCHuﬁﬁﬁ\OMMLom vws».m.u&m ewseld ‘0P o8 T

: IVaH oidi0ads 4o L

w €£69°0 Sv9

3 L89°0 2es

g 48S°0 909 (2]

. LSV 0 svS  (3uoed) p
g (*3u0o) NOISNVAXI JVIANIT TYNIIHL °1/1v L

! [ -J°¥]
< Jeax *(s)Jaoyjzny SHJIRBUWIY PpUR SUOTYedT JIosdg ‘douay ‘dusay, 398 e3xeq

- .

-

Y

(P3NUT3UO0d) HLISOJNOD XIALVW TOOS-WANINATV ‘¥IdId 0ISyod
d0 SHILAHLONd "IVOISAHAOWAINHL JFHL NO Vvivd ST J19VL

Pl M Tl

Bl dhade Tt




* e & et g =T e o
EE " i

DS A= TN R R R
- = . R e )

110

*311S04H00 XIUIUW 1909-HANIWOAW
Y3814 J1SU08 40 NOISNUJX3 WINIT TRZKL

M ¢ UNLLAIIWEL
00 000 008 COh

*12 3¥Nsld

006

! | { [}

I

00° 1~

Oh°*~

0c*-

P S S

i
wo 3
_m

08°0




Laml
-t
-

*3LISOWET XI¥iUW TS0S-WANINNW 1
‘y38Id4 JISN0E 40 LU3H JI4103dS 22 NYId ;

5 % ¢ 3UNLUNANEL
000t 008 00R 00L 008 008 0Ch 006 002 00t 0
T ] ] T | ] ] | |

-
|
159 P * 16 31410308

1-

T
!
g
T

—] 00ht

LS e i Y

-

e TR_=®_ A



i 112
L
1.15. BORSIC FIBER, TITANIUM/ALUMINUM~-8081 MATRIX COMPOSITE
—c: THERMAL LINEAR EZXPANSION
;{j,
55 Christian and Campbell [1i] and Hertz et al. [2] reported
?E thermal expsnsion data for plasma-sprayed Borsic/Titanium/
n! Aluminum ’ tapes manufactured by United Aircraft Research
E ‘ Laboratory containing 49.1 volume pgrcent Borsic filaments, 23.6
volume ©percent titanium, and 27.3 volume percent aluminum-6061
!l alloy. MUo attempt is made to reconcile the differences in
% thermal expansion below 293 K reported by these two
Ef investigators.
L
% SPECIFIC HEAT
-
- Christian and Campbell [1] and Hertz et al. [2] reported
specific heat data for a 49.1 volume percent Borsic filament,
25.6 volume percent B-3 titanium foil, and 27.3. volume percent ;i
aluminum-68081 sheet composite made by diffusion bonding of ﬁi%
plasma-sprayed tapes. Specific heat values range from 280 J kg-! ilj
5 K-! at 96 K to 1355 J kg-! K-! at 637 K [2]. |
,. REFERENCES
?; 1. Christian, J.L. and Campbell, M.D., Proec. C.-yogen. Eng. iiﬁ
Conf., 175-83, i973. _ -
' 2. Hertz, J., Christian, M.D., Varlas, M., et al., U.S. Air __w
Force Rept. AFML-TR-71, Vol. 2, 394 pp., 1972. [AD-893 715}
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1.168. BORSIC FIBER, AM 355 STAINLESS STEEL/ALUMINUM-6061
NATRIX COMPOSITE

THERMAL LINEAR EXPANSION

Hertz et al. [1] and Christian and Campbell [2] reported Ei

thermal expansion of a composite made from Borsic/aluminum—-6061 . ?E

ﬁ;f plasma-sprayed and Borsic/aluminum-6081 diffusion-bonded material : ;E
5{: and stainless steel/aluminum-8081 diffusion-bonded monolayer E:
;!g sheet material. Thermal expanéion of a well-processed composite .iﬁ
?gs containing 42.1 volume' percent Borsic fibers and 5.6 volume Eg
ggi percent stainless steel wires is about 0.192% and 0.675% near 646 ég
K, respectively, along axial and transverse directions. No ??

attempt is made to reconcile different values of thermal 'Sg
expansion below 293 K reported in these two references. 3§

o

SPECIFIC HEAT - :

%;é Christian and Campbell [1] and Hertz et al. [2] reported ;:
-g; specific heat data for a 52.3 volume percent aluminum-60681, 42.1 f;
Eg% volume percent 0.1 mm Borsic fibers, and 5.8 volume percent 0.08 - é
?;; mm AM 355 stainless steel wire composite made by plasma spraying ;E
:ﬁj Borsic/A1-60681 and diffusion bonding AM 385 stainless steel/Al- f:
f" 6061 tapes. Specific heat values range from 339 J kg-! K-! at 89 i;?
5 K to 1314 J kg-! K-! at 842 K [2].
G -
A REFERENCES ;gi
éi} 1. Christian, J.L. and Campbell, MN.D., Proc. Cryogen. Erg. ;?ﬁ
Conf., 175-83, 1973. =




L

2. Hertz, dJ., Christian, M.D., Varlas, M., et al., U.S. Air
Force Rept. AFML-TR-71, Vol. 2, 394 pp., 1972. [AD-893 716]
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ﬁ? 1.17. GRAPHITE FIBER, ALUMINUM-8061 MATRIX COMPOSITE

- THERMAL LINEAR EXPANSION

- Gigerenzer and Strempek [1] reported data for a composite
?g containing 40 volume percent TS50 graphite fibers in an zluminum—

L 6061 matrix. This composite contracts 0.0273 at 873 K. t

THERMAL CONDUCTIVITY i

There is one reference [2] in which the thermal conductivity
of graphite fiber aluminum-8061-0 matrix composite 1is reported.

- The data are for a 3-ply panel with graphite fibers cozted with

) nickel before being consolidated intc the composite, and for hneast
o flow in a direction perpendicular to the fibers only.

e REFERENCES

" 1. Gigerenzer, H. and Strempek, G.C., Army Materials Mechanics LE;;

Research Center Rept. AMMC-CTR-76-19, 29 pp.. 1976. [4D-A031 R

437 e

3 2. 0O'Kelly, K.P., NASA Rept. NASA-CR-115221, 79 pp., 1971. S
- [N72-11432] R
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1.18. BERYLLIUM WIRE, ALUMINUM-7002 MATRIX COMPOSITE

THERMAL LINEAR EXPANSION

.. Gerdeman et al. [1] reported thermal expansion data for 26
o volume percent beryllium wires in an aluminum-7002 matrixz. The

data are on several diffusion-bonded speéimens during heating and
cooling. No apparent anomalies were observed and the measurement

direction is not reported.
REFERENCE

1. Gerdeman, D.A., Wurst, J.C., Cherry, J.A., and Berner, W.E.,
U.S. Air Force Rept. AFNL-TR-8853, 94 pp., 1968. [AD-835
768}
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1.19. SiC WHISKER, Ai~-8.85Cu MATRIX COMPOSITE

THERMAL LINEAR EXPANSION

Barr [1] reported thermal expansion data for a hot pressed
composite- containing 20 volume percenﬁ SiC whiskers. PFairly
consistent results were obtained for their <c¢ooling and heating

measurements. The measurement direction is not reported.
REFERENCE

1. Barr, H.N., U.S. Air Force Rept. AFML-TR-67-296, 67 pp.,
1967. [AD-827 531]
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CHAPTER 2
COPPER AND COPPER ALLOY MATRIX CONPOSITES
2.1. BORON FIBER, COPPER NATRIX COMPOSITE
THERMAL LINEAR EXPANSION

Wolff and Hill [1] reported thermal expansion data for three
composites of densities from 452- 491 1b ft;s and containing 10
volume percent continuous aligned fibers. Percent thermal
expansion value at about 589°F drops from 0.468 for a composite
with density 452 1b ft-3 to 0.310 for a composite with density
491 1b ft-3. They also reported thermal expansion data for 10-30
volume percent discontinuous aligned boron fibers composites of
densities  448-488 Ib ft-3, In general, composites with
continuous aligned fibers exhibit lower expansion than those with

discontinuous aligned fibers.
ELECTRICAL RESISTIVITY

Only two data sets on the electrical resistivity aof coppeEr—

boron composites are available as a function of temperature from.

294 to 1100 K for 5.9% and 6.4% boron fiber volume [2]. The

electrical resistivity increases with an increase in temperature.
REFERENCES

1. Wolff, E.G. and Hill, R.J., U.S. Air Force Rept. AFML-TR-67-
140, 163 pp., 1967. [AD-816 439]
2. Tye, R.P., Hayden, R.W., and Spinney, S.C., High Temp.-High

Pressures, 4, 503-11, 1972.
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2.2. CARBON FIBER, COPPER MATRIX COMPOSITE

THERMAL LINEAR EXPANSION

Busalov et al. [1] reported thermal expansion data for 30

volume percent carbon fibers in a copper matrix.. Some of their

observations are as follows. Thermal expansion of this composite

is fairly linear up to 150-200°C, and above 600°C it starts to
contract which is explained as dues to the negative thermal
expansion coefficient of carbon fibers and also due to the
incre%sed yield stress of the matrix. The data show that the
thermal expansion of the specimen in the transverse direction is
much higher and is fairly propertional to the temperature up to
700°C. Even after more heating cycles the specimen did not show
any permanent shrinkag: in the transverse direction, and the

expansion was independent of the fiber content.
REFERENCE

1. Busalov, Yu.E., Kop'ev, I.M., Pompe, W., Voel'mar, S., and

Winkler, I., Fiz. Khim. Obrab. Mator., (4), 107-11, 1878.
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2.3. TUNGSTEN FIBER, COPPER MATRIX COMPOSITE
THERMAL LINEAR EXPANSION

Salibekov et al. [1] reported thermal expansion data for
composite containing 18 volume percent plated tungsten ‘fibers
impregnated with molten copper. They [1] also reported the data
for a composite containing 12 volume percent tungsten net.
Iintroduction of 18 volume percent tungsten fibers into the copper
matrix sharply reduces its thermal expansion. Intensive
relaxation of stresses in the matrix begins around 500 K. At
about 1073 K, the overall thermal expansion of the composite
approaches that of tungsten. Thermal expansion of a composite
with 12 volume percent tungsten net differs little from a
composite with uniaxial aligned fibers. Thermal expansion of 56
volume percent tungsten fiber composite is almost the same as

that of tungsten.
ELECTRICAL RESISTIVITY

There are four data sets on the electrical resistivity of
copper matrix with tungsten wires available as a function of
volume percent of tungsten wires at 293 K [2]. One data set is
for a composite with continuous structure and three are for

composites having discrete structure.
REFERENCES

1. Salibekeov, S.E., Portnoi, K.I., and Chubarov, V.M., High

Temp., 10(4), 702-6, 1972.
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2.4. TUNGSTEN MESH, COPPER MATRIX COMPOSITE

THERMAL LINEAR EXPANSION 3";_

Salibekov et al. [1] reported thermal expansion data for a
composite containing 12 volume percent tungsten net in a copper
matrix. This composite expands about 0.52 percent near 1073 K

(measurement direction is not reported). E
THERMAL CONDUCTIVITY it

There are two references [2,3] in which the thermal

conductivity of tungsten mesh copper matrix composite is

reported. The tungsten mesh content of these specimens varies o
from 3.7 to 13.4 volume percent [2], and from 3.7 to 12 volume ;f ;
percent [3]. Ref. [8] also reported conditions (pressure, (?
temperature, and time) under which the specimens were prepared. ﬁ?T?
However, some of the data appear to be duplicates (c¢.f. data Egﬁz
set.s 1 and S, 2 and 6, and 3 and 7) as one of the authors is é;;f
common to both of these references. ;T?j
ELECTRICAL RESISTIVITY u?
There are four data sets on the electrical resistivity of —=
copper matrix with tungsten network available from reference [2] E{ ;j
as a function of temperature from 100 to 500 K at tungsten volume T
of 3.7, 7.2, 12 and 723.4%. The measurements were made in the —

direction parallel to the reinforced networks.
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2.5. POLYVINYL CHLORIDE FIBER, COPPER MATRIY COMPOSITE

ELECTRICAL RESISTIVITY

Seven data sets on the electrical resistivity of composites
containing polyvinyl chloride fibers in a copper matrix have been
reported [1]. The data show that at low copper volume loading,
the composite resistivity is essentially that of the insulating
polymer(~10!2 Q m). A dramatic fall of resistivity in the
neighborhood of 5 voiume percent copper loading occurs due to the
formation of a segregated network. The resistivity of the
annealed samples with increased metal loadings always shows
higher values than that of the samples before annealing, probably
due to the elimination of all free ions during prolonged
annealing or duve to the metal particles in the bulk of the
material leading to a more stable configuration. The increase of
resistivity with the increase of temperature 1is almost
logarithmic which may be due to the different coefficients of
thermal expansion of the polymer and the metal. The internal
stresses localized around the metal particles decrease with
increasing temperature as the thermal expansion coefficient of
the metal is lower in comparison with that of the polymer. This
leads to a fall in contact pressure between the metal particles.
which results in an increase of resistivity with increasing

temperature.

REFERENCE

1. Bhattacharya, S.K., Basu, S., De, S8.K., Pal, A., and

Chowdhury, 5., J. Appl. Phys., 49(5), 3001-3, 1978.
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: CHAPTER 3 T
{ LEAD AND LEAD ALLOY MATRIX COMPOSITES e
& e

o 8.1. 'E' GLASS FIBER, LEAD MATRIX COMPOSITE

THERMAL LINEAR EXPANSION

i ea
[ESSAY —~ SRR

Whitehurst et al.[1] and Lockwcod [2] reported a value of
3 about 0.138 for the percent thermal expansion at 564 K for a
:: composite containing 20 volume percent parallel oriented 'E’

glass fibers in a lead matrix.
% REFERENCES

1. Whitehurst, H.B., NMichener, J.N., and Lockwood, P.A., Proc.
5 8th Sagamore Army Mater. Res. Conf., 248-76, 1960. [AD-233
158]
2. Lockwood, P.A., Owens—Corning Fiberglas Corp. Rept., 164
pp.. 1960. [AD-274 S30]
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CHAPTER 4
MAGNESIUM AND MAGNESIUM ALLOY MATRIX COMPOSITES
4.1. GRAPHITE FIBER, MAGNESIUM MATRIX COMPOSITE
THERMAL LINEAR EXPANSION

Pincheiro et al. [1] reported thermal expansion data for a
composite containing 35 volume percent "Thornel BO0" graphite
fibers in a magnesium matrix. This composite expands about 0.041
percent at 470 K. Armstrong and Ellison [2] repoirted a value of
0.9 x 10"6°F-! petween 0° and —-250°F for the mean coefficient of
thermal expansion of a composite containing 38.5 volume percent

GY 70 graphite fibers.
THERMAL CONDUCTIVITY

There is one reference [1] in which the thermal conductivity
of graphite fiber (Thornel 50) magnesium matrix composite is

reported. The data cover room temperature and below (tc ~3 K).
REFERENCES

1. Pincheiro, M. de F.F., Radecliffe, D.J., and Rosenberg, H.M.,
Oxford Univ., Clarendon Lab. Rept., 1, 3-13, 1972, [{AD-
A061 105]

(] 2. Armstrong, H.H. and Elliscen,A.M., U.S. Air Force Rept.

AFML-TR-79-4007, 213 pp., 1979.
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CHAPTER S
NICKEL AND NICKEL ALLOY MATRIX COMPOSITES
5.1.

CARBON FIBER, NICKEL MATRIX COMPOSITE

THERMAL CONDUCTIVITY

< ————

There is one reference [1] in which the thermal conductivity

of carbon fiber nickel matrix composite is reported. The data

are for specimens having 35 to 55 volume percent fiber

content,
and for heat flow both in the parallel and the perpendicular (to

the fiber) directions. However, the temperature at which these

data were obtained was not given, and it was assumed to be 293 K.

No other information on the composites was reported.

RCFERENCE

1. Fitzer, E., Fritz, W., Geigl, K.H.,

and Vohmann, W., Bth

European Conf. on Thermophys. Prop. of Solids at High Temp.,

19 pp., 1976.

- .= . " e e = =T

----------

-------
T I . M

r-—




2461 ‘pamunmsse suanjesadwsy wood 0°'el 08 (1]
3 ‘*1e 39 ‘g ‘uez3ig 12413 o3 Jdernospusdasd moly gjesy g'e1 ‘oY 2

3 ‘1€ g :

g OLET ‘"M ‘uueuyosp 28 ‘03 . i
. pue ‘°H -y *[319H "ydeasd ve ets

? COM fZ3Tay Woaj snfjea paunsse sanaedadusiy ‘LS o {53 . '
w fed ‘H9zZyTy wood (J4vqiy 03 i9[|eded mor jeay ‘88 o> T ' L
N o
¥ ALIAIZONCHOD TTYNIIHL X A )

: ;o
3 {"J9y] IR

A Jdeldx *(s)Jaoyany SHJIRWIY pue sucijedsryroudyg ‘douayg KA 398 w3er )

: e
* (-3 1-Ww M 'Y *A3TA730NpPUCY jewdaayl! g A ‘BuUNnTop J49qTd] ,ﬁpé
w.. .:,‘ i

: (FONIANILEA TNATOA YILIA)TLISOINOD KINLYW TANOIN S
, ‘MFEI4 NOS¥VD 4O ALIAILONGNOD IVAMEHL EHL NO YLVC ‘0 =4Vl Y

)

Yoo,

o™ .t
N LR

- c
* 0 ot

- .

:
" 0

,,.i,.,j_aA EE I S e U P TIN uf L. L S e, no oo, R T A el A A el 2
LR, e e, O R RS PP ~ofl TN PRI ,»,.m. VLRI TN sl T AR oL Y e i oty ™ gt gl Y PR TRTRARY R Ty a..




hal
=TT

- e - .-
- TV T e " e ]

Tt

AELTE LFLA

R s Shad
ittt Rt gt it S

——— R T R TR

.

3
.
3
1
4
\
'
A
.
b
[
r
“
b
[
»
»
A
ki
4
!
3

—— . = rm e AT A E—— R T T R R TN
. e T L P . .

Py

— et

*3LIS0dW00 XI¥LlHW TIMJIN
‘¥3IGI4 NOEUO 48 ALTAILONONGD TUWYSHL

% *3ANT0A Y3814
Oh 0e 03 0t o

“hh 3uNS14

| 1 1

]
1Y

1
8

AN *ALIATLONGNOD WML

RIS - A

o ee A L o Ko @ A e b AL T
LIRELAE N VNP PRPSNLIIEAIIT vt VETHTPEIETLIRRT 7 JATIIPIN N1 ORI MO WL ON T TR R PR ai




AR ULy

VA 'Y
LM

‘‘‘‘‘‘‘

el A AR AN R L I - T L A T U R A A D e U I S

5.2. GRAPHITE FIBER, NICKEL MATRIX COMPOSITE

THERMAL LINEAR EXPANSION

There are 28 data sets available for the thermal expansion
of this composite as a result of the studies of Volk et al.
[1,2], Niesz [3], and Salibekov [4]. The content of graphite
fibers ranged from 25 to 50 volune percent. An extensive study
of Volk et al. [1,2] yielded the data obtained during numerous
thermal cycles {(including 100, 500, and 1000 eaycles). However,
their latter measurements [2] which were repeated principaliy for
increased accuracy and to clarify the cyclic behavior which they
obtained earlier [1] could not adequately explain the different
longitudinal expansion behavior they obtained in their two
studies. All of these investigators [1-4] observed a hysteresis
effect in the thermal expansion during various thermal cycles.
This was explained as due to the stresses generated in the

composite.

REFERENCES

1. Volk, H.F., Nara, H.R., and Hanley, D.P., U.S. Air Ferce
Rept., AFML-TR~-86-310~Pt. 4-Vol. I, 99 pp., 1962.

2. Velk, H.F., Nara, H.R., and Hanley, D.P., U.S. Air Ferce
Rept., AFML-TR-66-310-Pt. 5-Vol. 1, 144 pp., 1371. [AD-881
488]

3. HNiesz, D.E., Battelle Memorial! Inst. Rep., 94 pp.. 18988.
[AD-836 764]

4. Salibzkov, S.E., Portnoi, K.I., and Chubarov, V.M., High

Temp., 10(4), 702-6, 1972.
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S.3. SiC FILAMENT, NICKEL MATRIX COMPOSITE

THERMAL LINEAR EXPANSION

Chuang [1] reported a value of 8.4 x 10 K-! for the mean
coefficient of thermal expansion between room temperature and 873

; K for 30 volume percent SiC filaments in a nickel matrix.
!
3 REFERENCE

1. Chuang, K.C., U.S. Air Force Rept. AFML-TR-66-330, 59 pp.,
1966. [AD-802 423]
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- S.4. TUNGSTEN WIRE, KhN8OV MATRIX COMPOSITE
j THERMAL LINEAR EXPANSION

Karpinos et al. [1] reported thermal expansion data for
-, composites containing alternate sheets of KhN60OV (25%Cr, 15%W and
g 4%Fe, nickel base) alloy matrix and unidirectionally oriented VA
tungsten (nominally 100% pure) wires of 0.18 mm diameter prepared
(- { by dynamic densification under a friction hammer. The Composites
; contained 8.6, 18, 22, and 25 volume percent of reinforcement.
g Since The thermal expansion of the matrix material is much higher
than that of the fiber material a* low temperatures where the

matrix makes the main contribution to the expansion of the

‘C, 4": il« l‘ l‘ I' l‘ " - N

composite, the expansion increases in accordance with the
expansion of the pure matrix. As the temperature 1is increased,

the matrix becomes plastic and the thermal expansion begins to

ML = SLASab ]

fall after passing through a maximunm. The temperature
1 corresponding to this maximum decreases with increasing fiber
F content. Karpinos . et al. [1] also proposed a method for
: calculating the coefficient of thermal expansion of composites
with unidirectionally oriented fibers in which the elastic-

plastic behavior of the components are taken into account.

b A A bodd SIS (i P Ml

) UL R

REFERENCE

1. Karpinos, D.N., Tuchinskii, L.I., Miroshnikova, T.K., and

(LRONCE |

Vishnyakov, L.R., Sov. Powder Met. Metal Ceram., (1), 62-3,

Py

1974.
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TEMPERATURE, K
THERMAL LINEAR EXPANSION OF TUNGSTEN KIRE.

KHNBOV MATRIX COMPOSITE.

FIGURE 46.
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5.5. TUNGSTEN FIBER, ZhS6K NICKEL ALLOY MATRIX COMPOSITE
THERMAL LINEAR EXPANSION

Salibekov et al. [1] reported thermal expansion data for a

composite containing 40 volume percent tungsten fibers in ZhS6K

nickel alloy matrix. This composite expands to about 0.745

percent at 1127 K.
REFERENCE

i. Salibekov, S.E., Portnoi, K.I., and Chubarov, V.M., High

Temp., 10(4), 702-6, 1972.
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;i 5.8. THORIA DISPERSED, NICKEL-CHRONIUN ALLOY NATRIX COMPOSITE e

YT,
. ¥

THERMAL EMITTANCE

W‘I
ot
.
. k1 *
. .
Ve . PR

. .
-

There is one reference [1] in which data for the emittance

T
Uit et i ‘»{

AT RSN

of a thoria dispersed nickel-chromium alloy matrix composite are

reported,and over the temperature 12855 to 1478 K there is 2 slow

e

R0 ¢
!
:

decrease in emittance as the temperature increases. For a thoria

dispersed nickel—-chromium alloy with an addition of aluminum and

AR A1
ot .

yttrium, the emittance at 1478 K shows no difference compared

with that of the alloy without that addition.

YT
. .
I LI

ELECTRICAL RESISTIVITY

-

.
s
@

Only one data point on the electrical resistivity at room

TVT TP
IR

’

PR

temperature is available for a composite with nickel-chromium

L e
"

LY alloy (20 volume % Cr) matrix [1]. -
L;‘n .“I-‘F_"i'
o REFERENCES | T
r:: ff'\;_
: 1. Centolanzi, F.J., NASA Rept. NASA-TN-X-62015, 52 pp.. 1971. .
X 2. Wolf, S.M., J. Metals, 19(6), 22-8, 1967. R
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- CHAPTER 6

:j TITANIUM AND TITANIUM ALLOY MATRIX COMPOSITES

? 6.1. MOLYBDENUM FIBER, TITANIUM MATRIX COMPOSITE

i! THERMAL LINEAR EXPANSION

a2 .

5 Karpinos et al. [1] reported thermal expansion data for R
composites containg 10-30 volume percent MCH molybderum (99.9% ﬁ“'ﬁf

$ r—

; technically pure) fibers in a VT1-0 titanium (99.9% commercially e

gf pure) matrix. Thermal expansion along the fiber orientation : "ﬁ

g; decreases with increasing molybdenum fiber content. Karpinos et %ij?ﬁ

4

b3 al. [1] also reported the data for composite specimens with

:E angle between fiber direction and the longitudinal axis of the

:ﬁ specimen ranging from 25 to 90 degrees. Salibekov et al. [2]

! reported that a composite made by sintering and subsequent

B extrusion of a mixture of titanium powder and discrete 20 volume

- percent molybdenum fibers expands to about 0.438 percent at 842

»

N K.

¥ REFERENCES -

5 1. Karpinos, D.N., Kadyrov, V.Kh., Klimenko, V.S., Fefer, —

3 V.Ya., and Miroshnikova, T.K., Sov. Powder Met. Metal. RN

3 Ceram., (4), 301-3, 1974. R

i 2. Salibekov, S.E., Portnoi, K.I., and Chubarov, V.M., High ' ]

b Temp., 10(4), 702-6, 1972. T
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: 6.2. BORSIC FILAMENT, Ti-8A1-4V ALLOY MATRIX COMPOSITE L
‘: .:‘-:- ey ".j

THERMAL LINEAR EXPANSION R

Hofer et =al. [1] reported thermal expansion data for a

i FLATe e (4
S h . PRt
e a'e aa - o - ] LI

€

composite fabricated by TRW Inec. Thermal expansion along the

longitudinal axis 1is lower than that along the transverse axis.

THERMAL CONDUCTIVITY

T
7,

v
i

There is one reference [1] in which the thermal conductivity

4
«'.41

of a Borsic fiber Ti—8A1-4V alloy matrix composite having fiber
content of ~G0 volume percent is reported. The data are for heat

flow both in the parallel (to the fiber) and in the perpendicular

R P S

e

directions , and for the temperature range ~80 - 800 K. The

v

o

authors also gave substantial details on the fabrication of the

-y
v )

Ty
& O

composite.

N+~

REFERENCE

E 1. Hofer, K.E., Jr., Rao, N., and Larsen, D., U.S. Air Force

Rept. AFML-TR-72-205-Pt-2, 470 pp., 1974. [AD-A015 907]
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CHAPTER 7
TUNGSTEN AND TUNGSTEN ALLOY MATRIX COMPOSITES

7.1. COFPER INFILTRATED, TUNGSTEN MATRIX COMPOSITE o

Ry
THERMAL CONDUCTIVITY '
- There is one reference [1] in which the thermal conductivity T %

of sintered tungsten infiltrated with copper is reported. The Rt

-
tungsten is 80% dense. No other information is given on the .

.
a

.y L LR
’,“ s

. l
F_ fabrication of the specimen or on its final porosity. 't,

REFERENCE
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i‘ n !
25 el
P
I
L .
A

. .

1. Kammer, E.W., Smith, H., and Olcott, E., Naval Research Labdb.

ST .I s

MM
I

Rept. NRL-6008, 61 pp., 19683. [AD-430 879]
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7.2. MOLYBDENUM FIBER, TUNGSTEN MATRIX COMPOSITE

THERMAL LINEAR EXPANSION

Owen [1] reported thermal expansion data for composites
containing 70 volume percent commercially pure molybdenum wires
in a sintered tungsten matrix. This was one of the materials
developed by the Department of the Navy. A value of 0.492 was
reported for the percent thermal expansion of this material at
1253 K. Owen [2] also reported a value of 0.452 at 1273 K for
the percent thermal expansion of a similar composite for solid

propellent rocket motor nozzle application.

THERMAL CONDUCTIVITY

There is one reference [2] in which the thermal conductivity
of sintered tungsten reinforced with molybdenum wire is reported.
No information is given on the composition, fabrication, and

other characterization of the specimen.
SPECIFIC HEAT

Owen [1] reported a value of 158 J kg~! K-! at 293 K for a

composite containing 18 weight percent molybdenum fiber.
REFERENCES

1. Owen, L., Jr., Air Force Rocket Propulsion Lab. Rept., 30
pp., 1966. [AD-377 060]
2. Owen, L. dJr., U.S. Air Force Rept. on Proj., AF-3059, 40

pp., 1967. [AD-379 508]
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7.3. SILVER INFILTRATED, TUNGSTEN MATRIX COMPOSITE

THERMAL CONDUCTIVITY

There is one reference [1] in which the thermal conductivity
of esintered tungsten infiltrated with silver is reported. The
tungsten is 80% dense. No other information is given on the

fabrication of the specimen or on its final porosity.

REFERENCE

i. Kammer, E.W., Smith, H., and Olcott, E., Naval Research Lab.

Rept. NRL-6005, 51 pp., 1963. [AD-430 879]
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8.1. 'E' GLASS FIBER, ZINC MATRIX COMPOSITE
THERMAL LINEAR EXPANSION

Whitehurst et al. [1] and Lockwood [2] reported thermal :'-bé
expansion data for a composite material containing 20 volume .f:ii

percent 'E' glass fibers in zinc matrix. T"‘
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INDEX TO MATERIALS AND PROPERTIES '
[AL/Ly, = Thermal Linear Expansion, X\ = Thermal Conductivity .
G ¢p = Specific Heat, € = Emittance, p = Electrical Resistivity] -
PROPERTIES i
MATERIALS
AL/Lg| A cp € P _
ALUMINUM MATRIX,
BORON FIBER 4 4 5
ALUMINUM MATRIX,
GRAPHITE FIBER 17 '
AD1 ALUMINUM MATRIX,
B Kh18N10T FIBER 22 22
- ALUMINUM MATRIX,
i QUARTZ FIBER 34
’. -
o AD1 ALUMINUM MATRIX, : -
USA STEEL FIBER 36
ALUMINUM-201 MATRIX,
GRAPHITE FIBER 40 40 41 _
ALUMINUM-1100 MATRIX,, -
, BORSIC FIBER 61 -
" ALUMINUM-2014 MATRIX,
'E’ GLASS FIBER 66
- ALUMINUM-2024 MATRIX, =
3 BORON FILAMENT 76 .
- ALUMINUM~2024 MATRIX,
.. BORSIC FIBER 79
A . N
: ALUMINUM -2024-T81 MATRIX, ~
: | AM 355 STAINLESS STEEL WIRE 84 -
3 ALUMINUM-6061 MATRIX,
T BORON FIBER 88 88 89
q
- ALUMINUM-6061 MATRIX, -
: BORON FIBER/AM 350
| STAINLESS STEEL WIRE 103
. ALUMINUM-6061 MATRIX,
¢ BORSIC FIBER 106 105
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INDEX TO MATERIALS AND PROPERTIES (CONTINUED)

[AL/Ly = Thermal Linear Expansion, X
¢, = Specific Heat, € = Emittance, p

TE LTI L . .

* .oarmal Conductivity
El:ctrical Resistivity]

MATERIALS

PROPERTIES

AL/L,

BORSI1C FIBER

TITANIUM/ALUMINUM-6061 MATRIX,

112

AM 355 STAINLESS
STEEL/ALUMINUM-8061 MATRIX,
BCRSIC FIBER

119

ALUMINUM-6061 MATRIX,
GRAPHITE FIBER

128

128

ALUMINUM-7002 MATRIX,
BERYLLIUM WIRE

133

Al-5.5Cu MATRIX,
SiC WHISKER

136

COPPER MATRIX,
BORON FIBER

140

140

COPPER MATRIX,
CARBON FIBER

145

COPPER MATRIX,
TUNGSTEN FIBER

156

156

COPPER MATRIX,
TUHGSTEN MESH

164

164

164

|

COPPER MATRIX,
POLYVINYL CHLORIDE FIBER

178

LEAD MATRIX,
'E' GLASS FIBER

MAGNESIUM MATRIX,
GRAPHITE FIBER

186

NICKEL MATRIX,
CARBON FIBER

191

NICKEL MATRIX,
GRAPHITE FIBER

194

251
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R INDEX TO MATERIALS AND PROPERTIES (CONTINUED)

. [AL/Lo = Thermal Linear Expansion, A = Thermal Conductivity -
X ¢p = Specific Heat, € = Emittance, p = Electrical Resistivity] ',_ __._,'
v PROPERTIES ,
- MATERIALS ; S
2 AL/L A e Co
p NICKEL MATRIX, ot
» SiC FILAMENT 211 i

g KhN6OV MATRIX,

j TUNGSTEN WIRE 213 ,
p r——«-=—»1
_ ZhS68K NICKEL ALLOY MATRIX, : LA
- TUNGSTEN FIBER 217 w
& Ni-Cr ALLOY MATRIX,

. THORIA DISPEKSED 220 | 220

= TITANIUM MATRIX,

5 MOLYBDENUM FIBER 223

% Ti-6A1-4V ALLOY MATRIX, SR
ﬁﬁ BORSIC FILAMENT 228 | 228 S
- TUNGSTEN MATRIX, Tt
- COPPER INFILTRATED 235 e
3 TUNGSTEN MATRIX, T
ﬁ! MOLYRDENUM FIBER 238 | 238 | 288 o
9 TUNGSTEN MATRIX, T
- SILVER INFILTRATED 243

- ZINC MATRIX, -
L; 'E' GLASS FIBER 246 s
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"Thermophysical and Electrical Properties of Metal Matrix Composites,"”
P.D. Desai, T.K. Chu, T.C. Chi, R.A. Matula, and H.H. Li, TEPIAC,
CINDAS Report 56, 264 pp., 1979

INSTRUCTIONS TO THE USER: The above publication was produced by the Thermophysical
and Electronic Properties Information Analysis Center (TEPIAC), an Information
Analysis Center administratively-managed and funded by the Defense Logistics Agency
(DLA). Since it is the policy of DOD and DLA that this Center be responsive to the
scientific and technical information needs of the Defense community, we would ap-
preciate it if you would complete this questionnaire and return it to us. In that
way we can use your cvaluation and the other information you provide us to more
effectively guide this Center in meeting your needs for scientific and technical
information and also to assess the value of this Center to DOD.

Evaluation of

1. Name 2. Organization
3. Job Title 4. Field of Specialization
5. Address

6. Please evaluate this publication (check off one or more as applicable)

__Information relevant __Difficult to use

__Information irrelevant __Use it often

_Information timely __Hardly use it

__Information outdated __0Overall very useful to my job
__Information technically excellent __Overall not very useful to my jcb
__Information technically satisfactory __Got my money's worth

_ Information technically unsatisfactory _ Did not get my money's worth
__Easy to use __Other

7. Benefits you gained by using this publication.

a. How often would you estimate that you have consulted or will consult this
product? per day, week, month, or year. (circle one)

b. What is the average amnunt of time that it would take you to otherwise
locate this information yourself?

c. What do you estimate this time would cost you?

d. Can you think of instances in which the information contained in this
product helps to save/avoid costs on a project/task? (e.g., eliminates or
shortens a test, substitutes material or components.) Please list these
projects/tasks (e.g., Minuteman III/flight test instrumentation system)
individually along with estimated costs saved/avoided.

e. Intangible benefits (please describe).

8. If you think any aspects of this publication to be inadequate, how can it be
improved?
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"Thermophysical and Electrical Properties of Metal Matrix Composites,”
P.D. Desai, T.K. Chu, T.C. Chi, R.A. Matula, and H.H. Li, TEPIAC,

Fvaluation of

INSTRUCTTONS T0 THE USER: The above publication was produced by the Thermophysical
and Elcctronic Properties Information Analysis Center {TEPIAC), an Information
Analysis Center adminis. ively-managed and funded by the Defense Logistics Apency
(DLA). Since it is the policy of DOD and DLA that this Center be responsive to the
scientific and technical information needs of the Defense community, we would ap-
preciate it if you would complete this questionnaire and return it to us. In that
way we can use your evaluation and the other information you provide us to more
effectively guide this Center in meeting your needs for scientific and technical
information and also to assess the value of this Center to DOD.

1. Name 2. Organization
3. Job Title 4. Field of Specialization
5. Address
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__Easy to use

6. Please evaluate this publication (check off one or more as applicable)

__Information relevant __Difficult to use

__Information irrelevant __Use it often

__Information timely __Hardly use it

__Information outdated __Overall very useful to my job
__Information technically excellent __Overall not very useful to my job
___Information technically satisfactory __Got my money's worth
__Information technically unsatisfactory _ Did not get my money's worth

__Other

7. Benefits you gained by using this publication.

a. How often would you estimate that you have consulted or will consult this
product? per day, week, month, or year. (circle one)

b. What is the average amount of time that it would take you to otherwise
locate this information yourself?

c. What do you estimate this time would cost you?

d. Can you think of instances in which the information contained in this
product helps to save/avoid costs on a project/task? (e.g., eliminates or
shortens a test, substitutes material or components.) Please list these
projects/tasks (e.g., Minuteman I11/flight test instrumentation system)
individually along with estimated costs saved/avoided.

e. Intangible benefits (please describe).

8. If you think any aspects of this publication to be inadequate, how can it be
improved?
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P.D., Desai, T.K. Chu, T.C. Chi, R.A. Matula, and H.H. Li, TEPIAC,
CINDAS Report 56, 264 pp., 1979

Evaluation of

INSTRUCTIONS TO THE USER: The above publication was produced by the Thermophysical
and Elcctronic Properties Information Analysis Center (TEPTIAC), an Information
Analysis Center administratively-managed and funded by the Defense logistics Agency
(DLA). Since it is the policy of DOD and DLA that this Center be responsive to the
scientific and technical information needs of the Defense community, we would ap-
preciate it if you would complete this questionnaire and return it to us. In rhat
way we can use your evaluation and the other information you provide us to more
effectively guide this Center in meeting your needs for scientific and technical
information and also to assess the value of this Center to DOD.

1. Name 2. Organization
3. Job Title 4, Field of Specialization
5. Address

6. Please evaluate thi. publication (check off one or more as applicable)

__Information relevant __Difficult to use

__Information irrelevant __Use it often

__Information timely __Hardly use it

__Information outdated __Overall very useful to my job
__Information technically excellent __Overall not very useful to my job
__Information technically satisfactory __Got my money's worth
__Information technically unsatisfactory __ Did not get my money's worth
__Easy to use __Other _

7. Benefits you gained by using this publication.

a. How often would you estimate that you have consulted or will consult this
product? per day, week, month, or year. (circle one)

b. What is the average amount of time that it would take you to otherwise
locate this information yourself?

c. What do you estimate this time would cost you?

d. Can you think of instances in which the information contained in this
product helps to save/avoid costs on a project/task? (e.g., eliminates or
shortens a test, substitutes material or comr 'nents.) Please list these
projects/tasks (e.g., Minuteman II11/flight test instrumentation system)
individually along with estimated costs saved/avoided.

e. Intangible benefits (please describe).

8. If you think any aspects of this publication to be inadcquate, how can it be
improved?
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